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Why Magnetized? Strong Magnetic Fields Become Available

Flux Compression Capacitor-Coil Surface Current

B
~_~ J
e B~ 10 MG e B~ 10 MG e B~1GG
e Seed fields compressed e Technology for large e B-field generated near
by imploding targets currents/strong fields ablated surfaces

e New phenomena? e New applications? e New regimes?
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New Challenges/Opportunities With Strong Fields

New Phenomena New Applications New Regimes
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e Laser scattering due to e Pulse compression e Relativistic-quantum
magnetized resonances improved by B-fields regime near x-ray pulsars
e Coherent scattering e Expand operation e Simulate pulsar
enhanced/suppressed at window to higher magnetosphere in future

special angle/frequency frequency/intensity experiments?
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Wave Scattering
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Scattering Anisotropic in Magnetized Plasmas (PRE 96, 023204)

» Multiple lasers exchange energy via
magnetic resonances in implosions

Ko s, kg

wi, ky

» How much collective scattering?

Simplest case: resonant triplets
ki = ko+ks

w1 = w2t ws

Classical Baseline: Cold Fluids

atns = —V( )

dvs = —v. Vv 4+ —=(E+ )
ms

OB = —VxE

1
0,E = CZVXB—gZes

Perturbative Solution to 2nd Order

Quasimodes Envelop Advection

> DED €% +i Y wHidky) &L e
keK> keKy

| .
I(9q+0 /) s °
=3 E e 7)Sg ¢ < Scattering
5,9,9’ €Ky



Wave Scattering
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Coherent Nonlinear Interactions

Solution to Fluid Equations = Reduced Model for Laser Scattering

Three-Waves Envelop Equations Why Coupling Coefficient Important?
kg r e Determined evolution of pulses
dt dy] = ——ajas )
w1 e Example: backscattering of lasers
dkz a = La3al pump ay seed a2  plasma a3
t wo
r
d:-(3a3 = —aiar x =01
w3
Coupling Coefficient '
We obtain simple formula for I in the
most general geometry with By _—
2
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Angular Dependences

Wave Scattering

Key Parameter in Reduced Model: Coupling Coefficient
Example: Perpendicular Pump Laser
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Angle-Dependent Scattering Strength
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Upper-hybrid-like waves (u) favor exact
backscattering, ks effect dominants
Lower-hybrid-like waves (1) favor L
scattering, e~ and it scatterings exact
cancel at special angles

Alfvén-like waves (b) favor backward,
but suppress exact backscattering

Linear Growth Rate Frequency Shifts
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Pulse Compression
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Application: Laser Pulse Compression (PRE 95, 023211)

Limitations of Existing Techniques

e Chirped Pulse Amplification:

Works in optical regime ~ 1 eV
Unfocused intensity ~ 101W /cm?

e Raman/Brillouin Compressions:
Vulnerable to density fluctuations
Frequency up to soft x-ray ~ 100 eV
Unfocused intensity < 1018W/cm?

Magnetized Pulse Compression
e Mediated by magnetized resonances

e Less sensitive to density fluctuations

e Works for higher frequency/intensity

Example: Upper-Hybrid Mediation
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Upper-Hybrid Mediation

Pulse Compression
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Magnetic Fields Relax Limiting Effects

Limiting Effects

e Instabilities: phase
mixing, modulational
filiamentation
instability, wakefield

e Damping: collisional,
collisionless

e Engineering: plasma
density non-uniformity

= Pulse compression only
operable in T-n window
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Compress KrF

L =10 W/cm2
th =5eV

By =5 MG

Compress x-ray
h =108 W/cm?
woh = 250 eV

By = 1.5 GG
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Pulse Compression
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Magnetic Fields Improve Pulse Compression

Pump Laser Parameter Space Expand Range of Applicability

b e e Enable compressing pump lasers of

higher frequency <= Reduced damping

.l“l?ﬁ 9
e Enable amplification of seed pulses to
higher intensity <= Reduced instability

Increase Engineering Flexibility

11016

I, (\\',/(',1112)

4101 F

e Higher controllability: external
magnetic fields easier to control than
internal plasma density

_l“lZ 4
11010 e Further optimization: extra degree of
& ‘ - S freedom, select fraction of density to
10°1 100 10t 102 10 107! 109 10 10 10° . .
woh (V) wol (V) be replaced by magnetic fields




Pulse Compression
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Upper-Hybrid Mediation

Numeric Validations Using 1D PIC (PoP 24, 093103. Qing Jia Poster: PP11.00007)

Optical Regime: 1 um Laser X-Ray Regime: 10 nm Laser
e Scan magnetic field, fixed w3 e Scan magnetic field, fixed w3
Pump: 1.0um, lp = 3.5 x 1014W/cm2 Pump: 10 nm, g = 1.4 % 1018W/cm2
Seed : 1.1um, ko = 1.8 x 1013W/cm2 Seed : 11 nm, lhg = 1.4 x 1018W/cm2
e Slower growth, longer amplification e Slower growth rate, smaller damping
= Higher output intensity = Faster effective growth
—Raman /’
< = 3
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Wave Propagation
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Parameter Regimes

Relativistic-Quantum Regime <« Strong Fields

. 12
Example: X-Ray Pulsars B ~10™ G » Relativistic important: £ > m.c?

- » Quantum important: €, = kg T, U
wk 4UO1I5+63 A Q p « 2 kg l,Up
Heindl, 00 Magnetic
: ! . Classical
% 10 3 1 de Broglie assica
S B /2hjeB
% 1 6 9
2 10°G + 10 °m
3 oL
: 108G +
10')_5
100 G + 10~ m
1 1 L
41w 30 60
2 L
ke T Energy (KeV) w0*e Compton
. T n/me
e Cyclotron absorptions iQ2e > kg T 1 L qo-13
106 1 107"m Relativistic-Quantum

e Anharmonic < Relativistic shifts
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Wave Propagation
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Relativistic Quantum Modifications

New Physics in Old Problem: Wave Propagation (PRA 94, 012124)
How We Compute RQ Effects?

» Toy Model: Scalar-QED Plasma

Wave Dispersion Relation Modified
e Propagation L Bg in cold e~ gas

e Resonance ws can appear at 4Q),

1
L = _ZF“”FW < EM Fields w -
* 2 % [€2e]
+ (Dug)*(D*¢) — m*¢*¢
v~ ” o‘@\
Charged Bosons wa
» Wave effective action < path integral 3 w
7 w3
1 y 5
M= _Z-F;U/ij + AMZ’; .A,/ +o(e ) 2;]7 7| W2
~— N ~ v Wr~ 7 e e b Wy
Vacuum Linear Response Wp«  wy
zg :zg,bk—’—z;vac Wr~| -
0_
» Response tensors <= Feynman rules 2 3 4 ck/19]
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Relativistic Quantum Modifications

Relativistic-Quantum Effects Observable in Experiments?

Modifications Magnified Near Cutoffs Corrections to Faraday Rotation
e Propagation || By in e-i plasma e Different dependence on w
e R-cutoff shifted more than L-cutoff e Large error for strong B small n,
w S—QED )\@ Rotation/WaveIengthAa Error at Cutoff s
e “—sQED [0 b o= o
N 1500 ] eeeeeee Classical 110 — —100%
—— Error --- 5=10%
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120° “10%
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. 410*
Example: % =0.7, Qeh 1, M =3 75 R R R 1012 107 102 102
p Qe mec2 me w/|9 ne/em=?
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Summary: What We Already Know

» Laser Scattering: New Phenomena
e Scattering is anisotropic due to magnetic fields
e Scattering is enhanced /suppressed at special angles
= Possible to arrange beam geometry to optimize laser-plasma coupling

» Laser Amplification: New Applications
e Magnetic resonances mediate pulse compression
e Magnetized mediations require less density, reduce instability/damping
= Possible to compress higher frequency pumps, producing more intense pulses

» Laser Propagation: New Regimes
e Dispersion relation modified by relativistic quantum effects
e Corrections to Faraday rotation and cyclotron resonances in strong fields
= Possible to extract pulsar magnetosphere profiles from x-ray spectra?
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Open Questions: What's Next?

i—1 i i+l
Theory " m  ¢4; Boson Field
. . . . n= A; G .
e Spin, thermal, inhomogeneity, higher-order effects Guse  Yogop O A CREeRed
e Retrieval plasma profile from spectra of x-ray pulsar Gavee / \n—)n+1
Simulation Tms
. n+1-(l)—(l)—(l’— 0P 0§04 n+1
e Reduced model for laser scattering ., > i T
e Faithful collision module for PIC no1lelel  KeinGordon $o343 .4
i i ivisti T (Du D e =0 .
e Schemes for simulating relativistic quantum I B S
. . . Maxwell-7 lllpé‘l'l‘
plasmas in strong fields (e.g. lattice-QED) g

Experiments

e Measure Faraday rotation, UV /X-ray transmission
e Compare spectral retrieval with measurements
e Demonstrate magnetized pulse compressions
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Relativistic-Quantum Regime: Energy Scales

Energy Scales of Plasma » Relativistic effects important when

£ > mec?
where & is any energy scale of
plasma or field.

e Thermal energy kg T
e Fermi energy ef

e Plasmon energy ¢, = wph

o Gyro energy ¢g = QN » Quantum effects important when
Energy Scales of Fields & 2 ke T, Up

e Electric field energy eg = v eEch where €, is any nonthermal energy

e Magnetic field energy eg = V' eBc2h scale of plasma or field.

e Photon energy e, = wyh » Example: in pulsar magnetosphere,

both relativistic and quantum effects

e Ponderomotive energy U
P important = Need new theory



Model Relativistic Quantum Plasmas: Quantum Electrodynamics

» Toy model: scalar-QED for spin-0 » Response tensors <= Feynman rules
bosonic plasmas couple to EM fields e Background plasma response
1
- _- v ; X
L = 4FHVF <— EM Fields Z%k(&xl) _ U
/
+ (Dug)"(DH) — m*¢"¢ X X

+ l~no—e~~V

Charged Bosons
e Vacuum polarization response

» Wave effective action <= path integral
1 » Ky U J— }J/\/\Q\f\zl/
M= FwF"+ AZEA, to(e?) 22 vac(X: X') X

X X
Vacuum Linear Response + H/\O\’V
nv

LY _ UV
Z2 _22,bk+22,vac




Key Parameter in Reduced Model: Coupling Coefficient

Angular Dependence Example: Parallel Pump Laser
e Coupling coefficient between two e Cyclotron waves enhance L suppress ||
transverse lasers Il =08 Il = 1.2
) = = My, ~ Ml Kl Bo
r Zsts cks k3 - F573k3 < § s " 038 Pk
T= E — s ‘
. 4[\/]5 w3 u;./Z Té Qé 0.6 b 0.6 AL
£ E 0.4 0.4
. . . ° 3
e Scattering mediated by magnetized Z&e 02 N
plasma resonance (w3, k3) e w5
Aw ) Aw ) b: bottom
L L. .2 2 2 I S P
k3 - Fs3ks = 753(1 — 853 cos” 03) g, — . oo
Y= (0]} wp
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